Previous studies have shown that B-Myb, a conserved member of the Myb transcription factor family, is a potent activator of the promoter of the human HSP70 gene but does not activate promoters containing Myb binding sites. We have now investigated the transactivation properties of B-Myb in more detail. We here report that B-Myb activates the HSP70 promoter by a novel mechanism which involves the heat shock element (HSE). Deletion analysis of B-Myb shows that a speci®c domain in the center of B-Myb, but not the DNA-binding domain is required for HSE-dependent transactivation. We also show that deletion of the C-terminal domain of B-Myb does not aect HSE-dependent transactivation but allows the protein to activate a promoter containing Myb binding sites. This suggests that the ability to activate Myb binding site containing promoters is repressed in the context of full length B-Myb and that HSE dependent and Myb binding site dependent transactivation are distinct functions of B-Myb. Finally, we report that cyclin D1 like B-Myb strongly activates the HSP70 promoter via the HSE. HSE-dependent transactivation is a novel activity of cyclin D1 and appears to be independent of the phosphorylation of the Rb protein. Our results reveal an interesting and unexpected connection between HSE-dependent gene activation and proteins expressed during the G1/Stransition of the cell cycle.
Introduction
Three members of the myb gene family have been identi®ed in many vertebrates, the c-myb protooncogene and two myb-related genes, A-myb and Bmyb, all of which encode nuclear sequence-speci®c DNA binding proteins. B-myb is expressed in a wide variety of dividing cell types (Nomura et al., 1988; Golay et al., 1991; Kamano et al., 1995) and appears to have a general function during cell proliferation. Bmyb expression is down-regulated in quiescent fibroblasts and subsequent re-entry into the cell cycle induces B-myb expression in the late G 1 /early S-Phase of the cell cycle (Reiss et al., 1991; Lam et al., 1992; Lam and Watson, 1993) . Cell cycle dependent expression of B-myb is dependent upon an E2F binding site within the promoter and appears to involve negative regulation by E2F complexes Zwicker et al., 1996) . During mouse embryogenesis, B-myb expression is highly correlated with cell proliferation (Sitzmann et al., 1996) . Consistent with a role of B-myb in the cell cycle, Bmyb antisense oligonucleotides have been shown to inhibit cell proliferation (Arsura et al., 1992; Sala and Calabretta, 1992) and overexpression of B-myb is able to overcome a p53-mediated cell cycle block (Lin et al., 1994) .
Like the other myb family members the B-myb protein (B-Myb) displays a highly conserved aminoacid sequence close to its aminoterminus which functions as DNA-binding domain (Foos et al., 1992; Mizuguchi et al., 1990; Watson et al., 1993; Carr et al., 1996) . BMyb lacks homology to the transactivation domain conserved between c-Myb and A-Myb and its transactivation properties are strikingly dierent from those of c-Myb and A-Myb. In contrast to c-Myb and A-Myb, B-Myb does not eciently transactivate promoters containing myb binding sites (Foos et al., 1992 (Foos et al., , 1994 Watson et al., 1993; Golay et al., 1994; Trauth et al., 1994; Takahashi et al., 1995) . Transactivation by B-Myb has been observed in certain cell types and has been suggested to require cell-speci®c accessory proteins (Tashiro et al., 1995) . In marked contrast to its inability to activate promoters containing Myb binding sites we have found that fulllength B-Myb strongly stimulates the promoter of the HSP70 gene. We have now investigated the activation of the HSP70 promoter by B-Myb in more detail. We have found that the activation of the HSP70 promoter by B-Myb is mediated by the heat shock element (HSE) . Surprisingly, we have also found that Cyclin D1, a cell cycle regulator expressed during the G 1 /Stransition of the cell cycle, also strongly activates the HSP70 promoter via the HSE. Taken together, our results reveal an interesting and unexpected connection between the HSE and proteins expressed during the G 1 / S-transition of the cell cycle.
Results

B-Myb activates the human HSP70 promoter by a dierent mechanism than A-Myb and c-Myb
We have shown before that mouse B-Myb strongly activates the promoter of the human HSP70 gene and that a natural variant of B-Myb, which lacks the part of the B-Myb that is encoded by the so-called exon 9A, has only weak transactivation activity (Kamano et al., 1995) . We have also previously reported that c-Myb and v-Myb activate the human HSP70 promoter by a Myb-binding site independent mechanism (Klempnauer et al., 1989; Foos et al., 1993) . To elucidate the molecular basis for the strong activation of the HSP70 promoter by B-Myb and to determine whether other members of the Myb family activate the HSP70 promoter by the same mechanism, we studied the eect of A-Myb, B-Myb and c-Myb on the activity of dierent HSP70 reporter genes. Surprisingly, we found that HSP70 promoter constructs containing (pHSPD120Luc) or lacking (pHSPD84Luc) promoter sequences located between positions 7120 and 784 (relative to the transcriptional start site) were aected dierently by full-length B-Myb, but not by the other Myb family members. As shown in Figure 1 , strong activation of the heat shock promoter by full-length BMyb was only observed when the longer of the two promoter constructs was used. The experiment shown in Figure 1 also con®rmed that strong activation of the promoter requires the presence of exon 9A encoded sequences. In contrast to B-Myb, c-Myb showed similar degrees of activation for both promoter constructs while A-Myb activated both reporter genes only very weakly. Taken together, the results presented in Figure 1 suggested that full-length B-Myb aects the activity of the HSP70 promoter by a dierent mechanism than A-Myb and c-Myb and that promoter sequences located between 7120 and 784 relative to the transcription start site are required for activation by B-Myb.
Activation of the HSP70 promoter by B-Myb is mediated by the heat shock element
The human HSP70 promoter contains a heat shock element (HSE) located between 792 and 7114 bp (Wu et al., 1986) , raising the possibility that the activation of the promoter by B-Myb might be mediated by the HSE. To address this possibility we ®rst determined whether B-Myb also activates another promoter containing a heat shock element. To this end we used the Drosophila melanogaster HSP70 promoter which contains a HSE but is otherwise unrelated in sequence to the human HSP70 promoter (Amin et al., 1985) . As shown in Figure 2 , full-length B-Myb but not the splice variant lacking exon 9A, indeed activated the Drosophila HSP70 promoter. We therefore concluded that at least two dierent HSE-containing promoters are strongly activated by full-length B-Myb.
To further explore the possibility that the heat shock element is the target for activation by B-Myb, we point-mutated the HSE in the plasmid pHSPD120Luc. To ®rst demonstrate that the mutation had indeed inactivated the HSE, we subjected cells transfected with the wild-type or the mutant promoter construct to a heat shock and determined the activity of both promoters. As illustrated Figure 3B , the activity of the wild-type promoter was greatly increased by the heat shock whereas the mutant promoter was not activated by heat treatment. Thus, the point mutations had completely destroyed the heat shock element. Figure 3A shows the eect of B-Myb on the wildtype and the mutant promoter tested in parallel. Interestingly, the point mutations had also completely destroyed the responsiveness of the promoter to B-Myb indicating that the transactivation by B-Myb is mediated by the HSE.
Delineation of B-Myb aminoacid sequences involved in HSE-dependent transactivation
To further characterize the mechanisms of HSEdependent transactivation we investigated which parts of B-Myb were required for activation of the heat shock promoter. To assess the role of the B-Myb DNA-binding domain, we deleted most of the second and the third of the so-called Myb repeats from the aminoterminus of the B-Myb protein. These two repeats represent the minimal DNA-binding domain of B-Myb (Foos et al., 1992; Watson et al., 1993; Carr et al., 1996) and a protein lacking them is unable to bind to DNA. As shown in Figure 4 , co-transfection the pHSPD120Luc reporter gene with an expression vector encoding the deleted protein B-MybDDBD resulted in transactivation of the reporter gene. The level of activation by B-MybDDBD was somewhat less than that achieved by full-length B-Myb. This decrease in transactivation was not due to a decrease in the amount of the truncated B-Myb produced Figure 4C ). This experiment therefore showed that the B-Myb DNA binding domain is required for maximal activation of the heat shock promoter. Since the deleted protein is not able to bind to DNA and yet transactivates the HSP70 promoter we conclude, however, that transactivation of this promoter does not require the sequence-speci®c DNA-binding activity of B-Myb.
We also generated C-terminal deletion mutants of B-Myb (schematically illustrated in Figure 5A ) and assessed their transactivation potential. As shown in Figure 5C , wild-type and mutant B-Myb proteins were produced in similar amounts in cells transfected with the corresponding expression vectors. We found that deletion of the B-Myb sequences located Cterminally to exon 9A (B-MybD3 and B-MybDEar) resulted in a twofold reduction of the ability of the protein to activate the heat shock promoter ( Figure  5B ). Further deletion diminished the transactivation potential of B-Myb only when sequences encoded between the FspI and PvuII sites of B-myb were removed (B-MybDApo, B-MybDFsp, B-MybDPvu). We concluded from these experiments that two regions of the protein, located C-terminally of exon 9A and between the FspI and PvuII sites of B-myb, are critical for the HSE-dependent activation of the HSP70 promoter.
Transactivation of a promoter containing Myb binding sites is repressed by the C-terminal domain of B-Myb
We have shown previously that the full-length B-Myb does not signi®cantly transactivate promoters containing Myb binding sites although it binds to such promoters (Foos et al., 1992) . Since transactivation by A-Myb and c-Myb is inhibited by the C-terminal domains of these proteins, we used the deletion mutants of B-Myb to investigate whether deletion of C-terminal aminoacid sequences of mouse B-Myb would increase its transactivation potential. As shown in Figure 5D ± F, deletion of the last 197 C-terminal aminoacids indeed enabled the protein to activate a reporter gene containing several copies of the Myb binding site`A' from the chicken mim-1 gene (Ness et al., 1989) . A similar reporter gene lacking the Myb binding sites was not activated by the truncated protein, indicating that transactivation required binding of B-Myb to the promoter (data not shown). Further truncation of B-Myb diminished its transactivation potential ( Figure 5D ± F) . Transactivation by truncated B-Myb was somewhat dependent on the cell line used for transfection. As illustrated in Figure 5E , transactivation was most ecient in Cos-7 cells. The results presented in Figure 5 clearly show that the truncated B-myb protein transactivates a promoter The heat shock promoter is activated by cyclin D1 via the HSE In order to examine the speci®city of HSE dependent activation by B-Myb we screened several other proteins for their ability to activate the HSP70 promoter. By chance, we found that cyclin D1 also activates the HSP70 promoter via the heat shock element. As illustrated in Figure 6A co-transfection of the HSP70 reporter gene with an expression vector for cyclin D1 resulted in a dramatic enhancement of its activity. This increase was not observed with expression vectors for other cyclins, nor was it observed when the truncated HSP70 promoter lacking the heat shock element was used ( Figure 6B ). In addition to the human heat shock promoter the Drosphila melanogaster HSP70 promoter was also strongly activated by cyclin D1 (data not shown). To further demonstrate that the HSE was responsible for the cyclin D1 dependent activation, we tested the ability of cyclin D1 to activate the HSP70 reporter gene containing a point mutated HSE. As shown in Figure 6C , mutation of the HSE completely abrogated the cyclin D2 responsiveness of the promoter. Taken together, the results shown in Figure  6 establish that cyclin D1 speci®cally activates the HSP70 promoter via the heat shock element.
It is generally believed that the major role of cyclin D1 during the cell cycle is to cause phosphorylation of the Rb protein (Dowdy et al., 1993; Ewen et al., 1993; Kato et al., 1993; Sherr and Roberts, 1995; Weinberg, 1995) . To investigate whether the activation of the HSP70 promoter by cyclin D1 is a downstream eect of the phosphorylation of Rb we asked whether a Nterminal mutation of cyclin D1, which has previously been shown to be inactive with respect to Rb phosphorylation (Dowdy et al., 1993) , is defective in activation of the HSP70 promoter. Surprisingly, the mutant cyclin D1 also strongly activated the HSP70 promoter ( Figure 6D ). Thus, HSE-dependent transactivation by cyclin D1 is independent from its eect on the phosphorylation of the Rb protein.
Discussion
B-Myb activates the HSP70 promoter via the heat shock element
We have shown that B-Myb activates the promoter of the HSP70 gene by a novel mechanism involving the heat shock element. This mechanism is not shared by other members of the myb family and is distinct from the TATA-box dependent activation of the heat shock promoter described before (Foos et al., 1993) . The activation mechanism described here is reminiscent of the HSE-dependent activation of the HSP70 promoter by c-Myb described recently (Kanei-Ishii et al., 1994) . It was shown that c-Myb transactivates reporter genes containing multiple copies of the HSE while a single heat shock element elicited only a very weak c-Myb response (Kanei-Ishii et al., 1994) . It is possible that the mechanisms by which B-Myb and c-Myb activate HSE-containing promoters are similar, however, it is apparent that B-Myb is a much more potent HSEdependent transactivator than c-Myb.
The strong activation of the HSP70 promoter by BMyb described here is very speci®c. Only full-length BMyb, but neither a natural B-Myb variant lacking the so-called exon 9A (Kamano et al., 1995) nor other Myb family members, elicit HSE-dependent transactivation. This speci®city excludes the trivial posssibility that the HSE-dependent activation described here simply represents a non-speci®c stress response caused by the transfection procedure. Since the two variants of B-Myb are produced in similar amounts in the transfected cells (Kamano et al., 1995) , it is also unlikely that the activation of the HSP70 promoter is due to stress induced by high expression levels of exogenous proteins. The observation that we can map the aminoacid sequences of B-Myb required for HSE-dependent transactivation to a speci®c domain in the protein further demonstrates the speci®city of the eect. We have not yet addressed the molecular mechanism of HSE-dependent transactivation by B-Myb in further detail. The heat shock element serves as binding site for a family of transcription factors, referred to as heat shock transcription factors (HSF) (for review see: Morimoto et al., 1992; Lis and Wu, 1993) . Three members of this family, HSF-1, HSF-2 and HSF-3, have been described in vertebrates (Rabindran et al., 1991; Sarge et al., 1991; Schuetz et al., 1991; Nakai and Morimoto. 1993) . The proto-type of the family, HSF1, exists in an inactive state in the cell under normal conditions and becomes activated upon exposure of the cell to physiological stress. Activation of HSF1 involves conversion to an oligomeric state that is nuclear localized and binds to the HSE (Perisic et al., 1989; Sorger and Nelson, 1989; Westwood et al., 1991; Baler et al., 1993; Sarge et al., 1993; Zuo et al., 1994) . The regulatory properties of the dierent HSFs appear not to be identical; for example HSF2 is induced during hemin-induced dierentiation of erythroleukemia cells and is constitutively active during early mouse development and during mouse spermatogenesis (Sistonen et al., 1992 (Sistonen et al., , 1994 Sarge et al., 1993 Sarge et al., , 1994 Murphy et al., 1994) . This suggests that the heat shock response may be modulated in a cell-type-or developmental-stage-dependent manner. It is conceivable that B-Myb, in a speci®c manner, activates factors (such as HSF1) that are normally activated during heat shock, thereby leading to increased transcription of the HSP70 promoter. Alternatively, it is possible that BMyb induces the binding of other, as yet unknown factors to the HSE. It will therefore be important to characterize the protein factors whose binding to the HSE is induced by B-Myb. Initial attempts to demonstrate that B-Myb induces the speci®c binding of proteins to the HSE so far have not been successful, presumably because the small fraction of the cells transiently transfected under the experimental conditions limits the detection of a HSE-speci®c DNAbinding activity induced by B-Myb. Thus, the mechanism leading to HSE-dependent activation must await further characterization.
DNA-binding dependent transactivation by B-Myb is inhibited by its C-terminal domain
Previous work has shown that full-length B-Myb does not signi®cantly activate promoters containing Myb binding sites (Foos et al., 1992; Watson et al., 1993; Kamano et al., 1995) . We have now demonstrated that removal of aminoacid sequences from the C-terminus converts B-Myb into a binding site dependent transactivator. By contrast, transactivation of the HSP70 promoter by B-Myb was slightly reduced by the truncation, indicating that binding site dependent and HSE dependent transactivation activities are distinct and independent functions of B-Myb. The observation that truncated B-Myb can activate a promoter containing Myb binding sites is interesting as it suggests that B-Myb functions as an activator whose transactivation potential is repressed in the context of the full-length protein and may be activated under appropriate conditions. It will therefore be interesting to de®ne experimental conditions that convert full-length B-Myb into a binding site dependent transactivator.
Others Tashiro et al., 1995) have not observed an increase in transactivation potential of B-Myb after C-terminal truncation. One possible explanation for this discrepancy could be that the deleted sequences were not precisely the same in each of these studies. Tashiro et al. (1995) have shown that transactivation by B-Myb is cell type speci®c and that truncation of the C-terminus does not aect the transactivation activity of the protein. These observations are consistent with the data presented here if one assumes that inhibition of transactivation by Cterminal sequences is neutralized in certain cell types, perhaps due to the presence of accessory proteins in these cells. Deletion of C-terminal sequences would then not be expected to further increase the transactivation potential of the protein.
HSE-dependent transactivation of the HSP70 promoter by cyclin D1
We have made the unexpected observation that cyclin D1, like B-Myb, strongly activates the HSP70 promoter. Cyclin-dependent activation is mediated by the heat shock element and is speci®c for cyclin D1; cyclins A and E did not transactivate the promoter, excluding a general stress-eect as cause. As in the case of B-Myb the molecular mechanism responsible for the activation remains to be investigated. Cyclin D1 has previously been implicated only in the activation of promoters containing E2F binding sites. Activation of such promoters involves phosphorylation of the Rb protein, which is mediated by a CDK-cyclin D1 complex and triggers the release of the E2F transcription factor from the Rb protein (Nevins, 1992; Hinds and Weinberg, 1994; Sherr, 1994) . We have found that a mutated cyclin D1, which no longer interacts with the Rb proteins, is not impaired in its ability to activate the HSP70 promoter. This observation strongly suggests that the activation of the HSP70 promoter by cyclin D1 is dierent from the E2F dependent transactivation mechanism and does not involve cyclin D1 mediated phosphorylation of the Rb protein. The HSE-dependent transactivation activity of cyclin D1 described here is therefore a novel, Rbindependent activity of the cyclin D1.
At present, the biological role of the HSE-dependent transactivation by cyclin D1 and B-Myb remains speculative. The highest expression levels of B-Myb and cyclin D1 are found during the G 1 /S-transition of the cell cycle. It is intriguing that in non-heat shocked cells the HSP70 gene is also expressed in a cell cycle dependent manner with the highest levels found at the G 1 /S-transition (Kao et al., 1985; Milarski and Morimoto, 1986) . One interesting possibility raised by our observations is that the HSE contributes to the cell cycle dependent expression of the HSP70 gene. Clearly, further work is required address this possibility and to understand in more detail the molecular mechanism of how B-Myb and cyclin D1 activate the HSP70 promoter.
Materials and methods
Expression vectors
Expression vectors for full-length mouse B-Myb (pMuBMEx9A+), mouse B-Myb lacking exon 9A encoded sequences (pMuBMEx9A7) and mouse A-Myb (pCDNA3mA-myb) have been described (Trauth et al., 1994; Kamano et al., 1995) . The mouse c-Myb expression vector pCDNA3mc-myb was obtained by cloning an approximately 2 kb HindIII/Bg1II fragment from clone pT7bmyb (kindly obtained from R Watson) into the HindIII and BamHI sites of pCDNA3 (Invitrogen). pMuBMDDBD encodes full-length B-Myb carrying a deletion (aminoacids 73 to 184 of mouse B-Myb) of the DNA binding domain and was generated by deleting mouse B-myb sequences between the AgeI and HincII sites located at the corresponding positions of the B-myb coding region. pMuBMD3, pMuBMDEar, pMuBMDApo, pMuBMDFsp and pMuBMDPvu are derivatives of pMuBMEx9A+ and encode truncated versions of B-Myb lacking 197, 245, 377, 439 or 479 aminoacids from the Cterminus. These plasmids were generated by using ScaI, EarI, ApoI, FspI and PvuII restriction sites located at appropriate positions in the B-myb coding region to delete all downstream B-myb coding sequences. Expression vectors encoding human cyclins (pRc/cycA, pRc/cycD1 and pRc/cycE) or a mutated version of cyclin D1 (pRcmutD1) have been described (Dowdy et al., 1993) and were kindly provided by R Weinberg.
Reporter genes, transfections, luciferase and b-galactosidase assays has been described (Kamano et al., 1995) . pHSPD84 is identical to pHSPD120Luc except that it contains HSP70 promoter sequences from 784 to +150 bp. pHSP70-CAT contains the promoter region of a Drosophila melanogaster HSP70 gene (7190 to +80 bp) and has been described (Amin et al., 1985) . pHSPD120Luc-Mut is a derivative of pHSPD120Luc containing a mutated HSE. To generate this plasmid the promoter sequence (7120 to 790 bp) was changed from AGGCGAAACCCCTGGAATATTCCC-GACCTGG to AGGCAAAACCCGTGCAATATTGCC-CACCTGG, using appropriate synthetic oligonucleotides as PCR primers (mutated nucleotides are underlined). The sequence of the mutated promoter was veri®ed by sequencing. DNA transfection was performed as described (Kamano et al., 1995) . The amounts of DNA used for transfection of cells in a 10 cm tissue culture dish are indicated in the ®gure legends. The cells were harvested 24 h after transfection. Preparation of cell extracts, luciferase, b-galactosidase and CAT assays were performed as described (Foos et al., 1994) .
Western blotting
Western blotting was performed as described (Kamano et al., 1995) .
